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ARTICLE INFO ABSTRACT

Keywords: Understanding the oxidation mechanisms in multi-principal elements and high-entropy alloys (HEAs) is critical
High entropy alloy for their potential applications in high-temperature oxidative environmnts. In addition to the compositional com-
Oxidation

plexity, the counter-diffusion of cations and anions through the oxide contributes to the growth of the oxide scales
in these materials. We examine the cationic and anionic diffusion through the stable chromium and aluminum
oxides that form in a model HEA using atomistic simulations. In accord with experiments, we find that the tracer
cations diffuse faster than the native cations through the oxide scales at high temperature (1000 K to 2000 K) and
the dynamics are directly correlated to the respective migration energies of the diffusion pathways. The oxide
scale growth is strongly influenced by the presence of tracer/impurity elements in alumina forming alloys relative
to those that predominantly form chromia. A geometric analysis of the vacancy-induced diffusion paths for the
cation migration relative to the location of the oxygen atoms reveals the influence of the latter on the preferential
diffusion pathway, resulting in anisotropy. The predictions offer insights on the diffusion characteristics in the
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oxide scales formed in HEAs and aid in our understanding of the oxide growth kinetics.

1. Introduction

High-entropy alloys (HEAs) have attracted significant interest as po-
tential candidates for high temperature applications [1]. While the struc-
tural characteristics of these materials have been extensively examined
[2], literature on their oxidation resistance is limited. Understanding,
predicting and improving the oxidation resistance of these alloys is a
significant challenge that needs to be addressed if these materials are
to be used in high temperature oxidative environments such as in gas
turbines, in hypersonic vehicles, to cite a few. The complexity of this
challenge arises from the presence of multiple chemical species, whose
role in modifying the oxidation resistance is not yet well-understood
[3]. For successful modeling of oxidation in an HEA, it is of interest to
quantitatively understand diffusion through each oxide. Experimental
reports on diffusion coefficient values are inconsistent and rare [4,5].
Atomistic modeling tools [6,7] such as molecular dynamics can calcu-
late consistent and repeatable diffusion coefficient values that can be
adopted for mesocale oxidation modeling [8]. The growth of an ox-
ide layer is contingent on the counter-diffusion of cations and anions
through the oxide. Here, we focus on modeling the diffusivities of var-
ious species through the chromia and alumina scale, which happen to
be the oxide scales that form during steady state oxidation of Al and Cr
containing HEAs, which are one of the the most widely reported HEA
in the literature. We approach the problem from an atomistic perspec-
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tive by using Molecular Dynamics (MD) simulations coupled with the
Nudged Elastic Band method (NEB) [9] calculations. Furthermore, we
also assess the diffusion pathways and elucidate the role that various
transition metals might play during the oxidation process. We expect
that the diffusivities, once evaluated through this work, may be coupled
with mesoscale models [8] for quantitative prediction of the oxidation
kinetics.

Self-diffusion of anions and cations through various oxides have been
well-established for a number of oxides such as Cr,0; [10]. However,
relatively few tracer-diffusion simulations and experiments have been
performed that are relevant for understanding the oxidation of HEAs. We
attempt to address this lacuna by interrogating the diffusivities through
potential oxide scales for an equiatomic AlFeCoCrNi HEA. Prior exper-
imental efforts have indicated that the external oxide scale consists of
alumina and chromia [11]. However, other transition elements may also
be present in these scales, especially during the initial transient oxida-
tion phase. We employ MD simulations for studying the tracer diffu-
sion behavior of multiple cations through alumina and chromia. The
elements considered include iron (Fe), nickel (Ni) and cobalt (Co), in
addition to Al and Cr with the goal of predicting a set of diffusion co-
efficients necessary for modeling the oxidation behavior of AlFeCoCrNi
HEA. The MD simulations aid in describing the temperature dependent
diffusivities of all the elements when present individually in the alumina
and chromia scales, while NEB calculations are used for estimating the
minimum energy paths for diffusion.

2589-1529/© 2022 Acta Materialia Inc. Published by Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.mtla.2022.101497
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mtla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2022.101497&domain=pdf
mailto:gab317@lehigh.edu
https://doi.org/10.1016/j.mtla.2022.101497

I Roy, P.K. Ray and G. Balasubramanian
2. Computational methods

Both « — Cr,0; and «a — Al,0; assume the corundum structure of
hexagonal unit cell [12,13]. For the vacancy mediated diffusion coeffi-
cient calculation, we construct 18 x 18 x 18 supercell containing 58,320
atoms with periodic boundary conditions. To calculate the diffusion co-
efficients of tracer elements, viz., Fe, Ni, Co and Al/ Cr through a —
Cr,0; and a — Al,0;, we randomly replace Cr/Al cation sites in oxides
with one type of tracer element. The results reported here are for 0.08%
vacancy and 10% tracer element concentration; nonetheless, the find-
ings are independent of these concentration variations. All the elements
assume their normal charges. We use the highly-parallelized Large-
scale Atomistic Molecular Massively Parallelized Simulator (LAMMPS)
[14] for all our simulations. For modeling the pure oxides, we adopt
the short-ranged Buckingham potential [15] in combination with the
long-ranged Coulombic term. The cut-off distance for both the long- and
short-ranged interactions is 10A. For the oxides, the Buckingham poten-
tials are well established in terms of reliability [12,13,16-20]. The self-
interactions of tracer elements and the cross-interactions with the oxide
are described using the 12/6 Lennard-Jones (LJ) potential [21]. The
LJ-potential parameters for the cross-interactions are estimated using
the Lorentz-Berthelot mixing rule as ¢;; = (g;¢,)!/2 and o;; = (0, + 0,)/2,
where i and j are two representative elements, o is the effective distance
between two atoms when the repulsion is extreme, and ¢ is the depth
of the potential well. The parameters for all the potentials employed
are listed in Table 1. For calculating diffusion coefficient at different
temperatures, system is equilibrated in NPT (isobaric-isothermal) and
NVT (canonical) ensemble before performing Mean Square Displace-
ment (MSD) calculations. The diffusion coefficient is the slope of the
MSD curves.

The Nudged Elastic Band (NEB) [9] simulations are performed to
calculate the migration energy of vacancy induced diffusion. In a super-
cell that contains 480 atoms, five different cation sites are selected at
different distances from the vacancy (Table 2). Among the five possible
migration paths considered, three in ab-plane and two in c-plane are the
nearest neighbors of a cation vacancy that represents all the atoms in
the two planes (Fig. 2(a)).

Table 1
Parameters employed for the Buckingham and Lennard-Jones interatomic po-
tentials.

Potential Type Interaction A (eV) r (A) Reference
Buckingham Crt? - 02 1204.18 0.3165 [22]
Buckingham Al - 072 3411.118 0.244549 [23]
Buckingham 072-07 9547.96 0.21916 [24]
Potential Type Atom Type € c Reference
Lennard-Jones Al 0.392 2.260 [25]
Lennard-Jones Cr 0.502 2.336 [25]
Lennard-Jones Co 0.510 2.306 [25]
Lennard-Jones Fe 0.527 2.321 [26]
Lennard-Jones Ni 0.520 2.282 [26]
Lennard-Jones (o) 0.0047 3.289 [27]

Table 2

The migration energy of different elements during hops from multiple locations
into Cr vacancy are listed. The migration energy for element i is given by E’ in
eV. The last three parameters are the distance of the vacancy from respective
atom positions in ab-plane (d,;), c-plane (d.) and the normal distance d in A.

Path  EC EAl EFe ECo EN dy @ d. A d@)
1 0971 1.305 1.325 1.325 1537 284 0.385  2.865
2 8.188 6295 5225 5225 4371 4.95 0 4.95
3 786 654 5012 5012 4785 573 0.385 574
4 2668 144 1542 1542 1602 0 265 265
5 1107 0 0.012  0.012 0048 0 4145 4145
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For statistical consistency, we have repeated the simulations for
ease case at least four times. Note that we have two types of ac-
tivation energies, i.e., (1) the bulk activation energy for diffusion
(Q) [kJ/mol], and (2) the migration energy for an atom to jump
into a vacancy (E,) [eV/atom]. As the energy in the second case
is expected to be very small, the unit is in terms of eV (per mi-
grating atom). To the best of our knowledge, comparison between
these two activation energies for alumina and chromia has not been
reported in the literature. With a view to connect the two energy
quantities, we convert the kJ/mol unit into eV/atom and compare
the results below. The unit conversion is performed as: Unit [Q] =

kJ _ kJ _ 6.242x10%! eV _ 1.036x1072eV _
mol ~  6.023x1023 molecules Cr,03  6.023x1023 molecules Cr,03 % Cratoms
2.59 x 1072 =259 x 10~2 x Unit[E].

Cr atom

3. Results and discussion

We calculate vacancy mediated diffusion coefficient of Cr and O
in the chromia crystal in the temperature range of 800 K to 2000 K.
The results are in agreement with the previous computational reports
[12,13,28]. The variation of diffusion coefficient with temperature fol-
lows an Arrhenius relationship, as shown in Fig. 1(a). Our simulations
suggest minimal variation in diffusion coefficients with vacancy concen-
tration, consistent with the literature. The O anion diffuses faster than
the Cr cation at high temperatures, while diffusion of Cr dominates at
lower temperatures. The high temperature simulations are performed to
verify the predictions of our computational methods against earlier stud-
ies. The chromia scale suffers from poor stability at temperatures above
~1250 K due to volatilization [29]. It has been observed experimen-
tally that chromia scales are stable at the lower temperature regimes,
where the cation diffusion is faster than anion diffusion resulting in a
net outward growth of the oxide scale, in concurrence with the find-
ings from our simulations. We note that the activation energy (Q) for O
(88.3403 kJ/mol) is almost twice that for Cr (44.49 kJ/mol) while the
pre-exponential factor is two orders of magnitude higher for O than Cr;
these results indicate that the O diffusion coefficient has a stronger tem-
perature dependence. Protective Cr,0; scale forms primarily through
outward cation (Cr*?) diffusion that is predominant at low tempera-
tures (< 1250 K). Therefore, the low activation energy of Cr helps in the
formation of stable Cr,05 scale below 1250 K and prevents catastrophic
degradation by oxidation in Cr containing alloys.

The diffusion coefficients of select cations (Al, Cr, Fe, Co, Ni) are in-
vestigated by implanting them as tracer elements in both chromia and
alumina scales. The simulations are performed by varying the tracer
element concentration and we ascertain that the diffusion coefficients
do not vary with compositions. We find that the diffusion coefficients
follow an Arrhenius relationship over the temperature range under con-
sideration (i.e., 1000 K to 2000 K). Similar to the previous case, faster
diffusing parent element changes from Cr to O after reaching a partic-
ular temperature for all tracer element additions except for Ni-doped
Cr,05 (Fig. 1(e)). Presence of Ni results in a lower activation energy for
O diffusion (46.8842 kJ/ mol) relative to the undoped oxide and be-
comes almost equal to that of Cr (44.323 kJ/ mol). Activation energies
being nearly identical, the relative diffusivities are dominated by the
difference in the pre-exponential term, which suggests that Ni additions
can promote the inward diffusion of O. The activation energy for Ni dif-
fusion is also comparatively low (55.50 kJ/mol) among all the tracer
elements investigated here, which indicates the possibility of Ni-oxide
forming along with chromia. The diffusion coefficient of all tracer ele-
ments over the temperature range investigated is almost always higher
than both Cr and O. Among the individual tracers, Al diffuses fastest at
lower temperatures, while Fe and Co are the slowest. The activation en-
ergy of Al (47.93 kJ/mol) is almost equal to that of Cr (46.96 kJ/mol).
At higher temperatures, Fe and Co diffuse more rapidly that both Al and
Ni. Interestingly, the temperature dependence of the diffusion profiles
for both Fe- and Co-doped chromia are similar. The activation energy of
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Fig. 1. Arrhenius plot of diffusion coefficient variation with temperature in chromia. The variation of diffusion coefficients in (a) pure Cr,0; (a) and with doping
of tracer element, viz., (b) Al, (c) Fe, (d) Co and (e) Ni, are presented on logarithmic scale. The shaded region denotes the high temperature zone where Cr,0; is

unstable [29].

Fe and Co are 103.08 and 112.10 kJ/mol, respectively, while the pre-
exponential factor is highest for Co (1.27 x10™ c¢m?/s) amongst all the
elements.

For an atom to migrate from one position to another through a par-
ticular path, it needs to overcome a minimum energy barrier, i.e., the
migration energy. To understand the diffusion of different elements in
the oxide scale, we calculate migration energy for five possible hopping
paths of a cation leading to a Cr vacancy. The migration energy variation
for Cr jump (Fig. 2(b)) concurs with the report of Cao et al. [13] and
the same for Fe and Ni migration is consistent with the density func-
tional theory based NEB report by Rak et al. [28], which are the only
two reports on chromia to the best of our knowledge.

As discussed above with regards to the diffusion coefficient plots
(Fig. 1), diffusion characteristics of Fe and Co are similar, also inferred
from Fig. 2(d) and (e). Fe and Co have near-identical behavior of mi-
gration energy change during hopping through the different paths. For
Cr to migrate into a Cr vacancy, path 1 is the easiest as it has lowest
migration (0.971 eV) energy, followed by path 5 (1.107 eV). When a
tracer element is added for hopping, the lowest energy path is 5. Path
5 has the lowest migration energy for all the tracer elements, which in-
dicates that diffusion through chromia is most likely anisotropic. This
prediction is in agreement with previously reported results [13]. The
activation energy values for migration through different paths are listed
in Table 2. Al diffuses fastest through path 5 among all the elements
considered here. Some of the energy barriers as a function of distance
are multi-mounted (Fig. 2) because when migrating from the original
position to the vacancy, the cation has to pass through multiple layers
of anions. Paths 2 and 3 (both in ab-plane) has considerably high activa-
tion energy for all the elements compared to the other paths. Therefore,
an atom will very rarely take any of these paths during migration.

The comparison of migration energies (E,,) from NEB with activation
energies of the bulk (Q) from the diffusion coefficient shows that both
are of the same order. In fact, O, in pure Cr,0; is 1.1524 re‘t/om which
is just above the E, of the minimum energy path (MEP) (0.971 eV).
While multiple diffusion pathways do exist in the crystal, one anticipates

that the cations will have a higher probability of diffusion through the
low migration energy paths and the overall activation energy observed
in our MD simulations is essentially weighted average over all possible
paths. Further discussion on the comparison between migration energy
from NEB and bulk activation energy from diffusion coefficient calcula-
tion needs to be based on expensive NEB simulation which is not in the
scope of this work.

The tracer cations diffuse faster than the native cation in the Al,04
scale (Fig. 3), which is consistent to our observations in Cr,0;. The
experimental reports of diffusion coefficients in the literature vary by
orders of magnitude depending on the type of diffusion measurement
(intrinsic or extrinsic), crystallinity (single phase, polycrystalline) and
technique used (diffusion couple or isotope exchange) [30]. Here, we fo-
cus primarily on lattice diffusion. We find that the diffusion coefficient
of Al and O is near-identical at low temperature, while O diffuses slightly
faster towards higher temperature range. It is interesting to note that un-
like Cr,03, the Al,O; scale is primarily formed by downward diffusing
072 anions. Again, compared to chromia, the diffusion coefficient of Al
and O are one order of magnitude higher in alumina. The switching of
faster diffusing species (from cation to anion) at elevated temperatures
is not as significant in alumina as it is for chromia. The activation energy
for diffusion of Al and O are very similar, e.g., 26.62 kJ/mol for Al and
28.42 kJ/mol for O. This trend is consistent for pre-exponential factors
as well. These values are considerably low compared to that for the chro-
mia scale. In presence of tracer elements, this behavior is retained while
the diffusion coefficients of the tracer elements are almost two orders of
magnitude higher than the native elements. An interesting anomaly that
is observed between Al-doped Cr,0; and Cr-doped Al,Oj; is the differ-
ence of activation energies of O. For both the cases, the activation energy
of cations (Al*3 and Cr*3) are comparable, while O has a higher activa-
tion energy in Cr,05 (70.89 kJ/mol) than in Al,05 (24.25 kJ/mol). We
conjecture that this result is indicative of a mixed (Al Cr),0; scale for-
mation that would also proceed via predominantly the outward cationic
diffusion [31]. The low activation energy of O in Al,O; helps anions to
penetrate easier through the scale which results in inward growth of ox-



I Roy, P.K. Ray and G. Balasubramanian

© Chromium - Oxygen (O Cation Vacancy
Al
i C
. ()

Energy (eV)

0 0.2 0.4

Reaction coordinate
0 S,
(e) |

Energy (eV)

0.4
Reaction coordinate

0 0.2

0.6 0.8 1

0.6 0.8 1

Materialia 24 (2022) 101497

Energy (eV)

04 06 08 1
Reaction coordinate

Fe

| '(d)' |

0.4 0.6 0.8 1

Reaction coordinate
Ni
10; ——
. U
6

0.4 0.6 0.8 1
Reaction coordinate

Fig. 2. Migration energies for cation hopping into a Cr vacancy obtained from the Nudged Elastic Band (NEB) method. Three among the five possible paths for the
hop are in (a.1) ab plane and two are in (a.2) c-plane. The variation of vacancy induced migration energy for pure (b) Cr and that doped by the four tracer elements,

viz., (c) Al, (d) Fe, (e) Co and (f) Ni are presented on a logarithmic scale.

ide; the opposite occurs for Cr,05 formation i.e., Cr*® diffuses upward
as O has a high activation energy barrier to overcome. Our simulation
outcomes on pure oxides also support this argument. 0~2 has twice the
activation energy of Cr*? in Cr,05 (88 versus 44 kJ/mol, respectively)
while O~2 and AI*} have comparable activation energies in Al,05 (28
and 26 kJ/mol, respectively). These predictions corroborate the ease of
O diffusion in Al,O; than in the Cr,0; scale.

A comparison of the diffusion coefficients of Cr doped Al,O; against
Al doped Cr,05 reveals an exciting insight. The diffusion coefficient of

Cr in Al,O; is higher than Al in Cr,0O; at all temperatures. The higher
diffusion coefficient implies that Cr moves faster and will situate on top
of the Al,0; layer. Previous experimental literature on the AlCoCrFeNi
system have shown an external chromia layer followed by an internal
alumina [32] formation. The pre-exponential factors of O—2 and Cr+3
in Al,O5 are of the same order, while O~2 has two orders of magnitude
higher pre-exponential factor than Cr*? in Al,O5. This difference implies
the frequent longer distance jumps of O~2 in the Cr,0; scale. Ni has
the highest activation energy of 32.45 kJ/mol while all other elements
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Fig. 3. Arrhenius plot of diffusion coefficient variation with temperature in alumina.
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Fig. 4. Migration energies for cation hopping into a Al vacancy is obtained from the Nudged Elastic Band (NEB) method. The variation of vacancy induced migration
energy of (a) Al and with the doping of the four tracer elements, viz., (b) Cr, (c) Fe, (d) Co and (e) Ni are presented.

(including O and Al) have Q varying between 18-22 kJ/mol. Unlike
in chromia, Ni addition does not result in switching of the oxidation
mechanisms in the Al,O; scale.

The variation of migration energy with reaction coordinates for va-
cancy mediated diffusion of different elements through alumina are pre-
sented in Fig. 4 and the migration energies thorough the five paths are
listed in Table 3. As no saddle point can be located for Cr diffusion
through path 5 (Fig. 4), no activation energy is defined for that par-
ticular case. The vacancy mediated migration energy for Al is lowest
through path 4 (»~ 0 eV). As evident from the plots (b-e), the migrated
tracer atoms are unstable at the vacancy because the energy does not

reach zero, possibly implying that the atoms will reside in the vacancy
for a short duration before returning to a different lower energy position.
This phenomenon also occurs for the interstitial diffusion of Fe and Ni in
Cr, 05 as reported by Rak et al [28]. There are multiple saddle points for
Path 2, 3 and 4 which indicate that the atoms are stable at the interim
site. Among tracer elements, Path 1 is favored by Cr and Co while Ni
and Fe have the lowest energy barrier though Path 5. For Al diffusion,
the Path 2 has its saddle point at 87.2 eV, indicating a very high energy
barrier. Therefore, Path 2 will be very rarely adopted for diffusion. The
timestep required for migration energy simulations of alumina is two or-
ders of magnitude smaller than the same set of simulations for chromia.
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Migration energy of different elements during hops from multiple locations into Al vacancy. The migration energy of element i for
hop is given by E! in eV units. The last three parameters are the distance of vacancy from respective atom positions in ab-plane

(d,), c-plane (d,) and the normal distance d in Aunits.

Path EA ECr EFe ECo EM dgy (A) d, (&) d &)
1 0.163 1.358 0.464 0.229 0.149 2.84 0.385 2.86
2 87.198 7.591 5.242 3.508 10.374 4.95 0 4.95
3 8.007 9.359 8.332 10.588 6.473 5.73 0.385 5.74
4 0.001 5.213 9.451 9.88 9.938 0 2.65 2.65
5 0.202 - 0.069 2.403 0.126 0 4.145 4.145

As discussed earlier in the case of chromia, a comparison of the migra-
tion energy of a single atom (E,,) with the activation energy of the bulk
diffusion (Q) can be reproduced for the case of Al,0O5. The value of Q is
~ 0.5 eV that is close to the migration energy values though the mini-
mum energy path (MEP) listed in Table 3. This result is expected as the
Q for bulk diffusion must be in the neighborhood, but higher, than the
activation energy of migration through the MEP.

We further examine the reason for preferential migration through
Paths 1 and 5. Careful scrutiny of the neighbors around a vacancy and
location of O~2 atom near the migration path (e.g., a line connecting
the migrating atom and the vacancy) provides interesting geometric
inferences. If a triangle is drawn with the vertices being the (1) va-
cancy, (2) migrating atom and (3) nearest O2 to the path, the greater
the angle at O~ atom vertex, the closer is O~ to the path. As an ex-
treme case, if the angle is 180° at the O~2 site, the O~ is directly on
the path of migration. We analyze the angles at the O~2 vertex for all
five paths and find the angle to be smallest for Paths 1 and 5, i.e.,
90 + 2°, signifying minimal obstruction during migration. For the other
three paths, oxygen occludes the migrating cation as the angle is higher
than 120°.

4. Conclusion

The predictions from our simulations lead us to conclude that tracer
cations in the oxide tend to diffuse faster than the native cations at high
temperature (1000 K to 2000 K). This effect is much more pronounced
in alumina as compared to chromia. It appears that this behavior is
strongly correlated to migration energies associated with the diffusion
pathways in the two different oxides. The differences in migration en-
ergy barriers for tracer element cations and the Cr cation are relatively
less when compared with the differences in migration energy barriers
for tracer element cations and the Al cation. This result indicates that
the oxide scale growth will be strongly influenced by the presence of
tracer/impurity elements in alumina forming alloys relative to that in
chromia forming alloys. Oxidation of compositionally complex alloys
result in complex scales with multiple impurity cations present in ad-
dition to host cations. It is expected that a migration energy based as-
sessment of diffusion pathways in host oxides, as presented here, can
guide alloy design in part by providing insights on the diffusion charac-
teristics in the oxide scale, which is in turn related to the scale growth
kinetics.
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